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INTRODUCTION -- 
The determinat ion of t h e  f a t e  and d i s t r i b u t i o n  of t r a c e  elements dur ing  c o a l  

conversion i s  a n  important  and p r e r e q u i s i t e  t a s k  i f  such a n  indus t ry  i s  t o  be 
implemented on a massive s c a l e .  Consider ing t h e  overwhelming abundance of  n a t i v e  
coa l  resources ,  an implementation of  t h i s  magnitude i s  a d i s t i n c t  p o s s i b i l i t y  i n  
t h e  near  f u t u r e .  Coal g a s i f i c a t i o n  is c u r r e n t l y  under i n v e s t i g a t i o n  by many 
organiza t ions  i n  t h e  U.S. a s  a n  a l t e r n a t i v e  source  of environmental ly  acceptab le  
f u e l s .  In conjunct ion wi th  ongoing c o a l  g a s i f i c a t i o n  s t u d i e s  a t  t h i s  labora tory ,  
t r a c e  element i n v e s t i g a t i o n s  have been performed t o  he lp  a s s e s s  p o t e n t i a l  environ-  
mental impacts o'f coa l  g a s i f i c a t i o n  processes .  
f ind ings  of t r a c e  and minor element d i s t r i b u t i o n s  i n  t h e  process  streams of the  
SYNTHANE G a s i f i e r  Process  Development Unit l o c a t e d  a t  t h i s  labora tory .  

This  work presents  prel iminary 

EXPERIMENTAL 
I- 

Three s e p a r a t e  g a s i f i c a t i o n  runs were made wi th  t h e  SYNTHAAE G a s i f i e r  PDU 
us ing  Montana sub-bituminous ' C '  coa l .  The SYNTHANE G a s i f i e r  c h a r a c t e r i s t i c s  and 
opera t ing  condi t ions  have been descr ibed  previous ly  (1-3) .  Maximum average tempera- 
t u r e s  a t t a i n e d  i n  t h i s  u n i t  a r e  t y p i c a l l y  950-1000°C. A schematic diagram of  t h e  
PDU i s  presented i n  F igure  1. 

g a s i f i c a t i o n  u n i t .  Samples c o l l e c t e d  f o r  subsequent a n a l y s i s  included t h e  feed 
coa l  and feed water  (major i n p u t  s t reams)  and g a s i f i e r  char ,  f i l t e r  f i n e s ,  and 
condensable water and tars (major ou tput  s t reams) .  Sampling p o i n t s  in t h e  PDU 
a r e  i l l u s t r a t e d  i n  F igure  1. The feed c o a l  was s y s t e m a t i c a l l y  thieved dur ing  t h e  
loading  of t h e  g a s i f i e r  hopper i n  o r d e r  t o  o b t a i n  r e p r e s e n t a t i v e  samples of t h i s  
process  s t ream. Feed water  ( f o r  genera t ion  of process  steam) was a l s o  p e r i o d i c a l l y  
sampled dur ing  the  g a s i f i c a t i o n  runs. The g a s i f i e r  c h a r ,  condensable t a r s  and 
water, and p a r t i c u l a t e  mat te r  from the  gas  product  s t ream were c o l l e c t e d  a f t e r  each 
run.  The weights of t h e  process  s t reams sampled a r e  repor ted  i n  Table  1. Also 
shown a r e  t h e  weight percentages t h a t  t h e  samples represent  r e l a t i v e  t o  t h e  t o t a l  
amount of t h e  process  s t ream consumed o r  produced. 
s t ream was c o l l e c t e d .  This  procedure ensured r e p r e s e n t a t i v e  sampling of these  
process  s t reams.  

process  streams were r i f f l e d ,  ground and f u r t h e r  comminuted t o  manageable s i z e s .  
In some c a s e s ,  f u r t h e r  gr inding  t o  -325 mesh was requi red .  
a n a l y t i c a l  samples were taken whi le  v igorous ly  s t i r r i n g  t h e  bulk sample. 

An i n t e g r a l  p a r t  of t h i s  s tudy  w a s  t h e  sampling of t h e  process  s t reams of  t h e  

In most cases ,  t h e  e n t i r e  process  

Considerable  e f f o r t s  were requi red  t o  homogenize these  samples. The s o l i d  

Condensate water 
The con- 
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densate  t a r  process  s t ream presented unique sampling problems. 
c o n s i s t s  of organic  and aqueous phases, i n  a d d i t i o n  t o  a cons iderable  amount of 
s o l i d  m a t e r i a l .  
withdraw homogenous samples by merely mixing t h e  process  stream. This  problem was 
overcome by adding te t rahydrofuran  t o  t h e  sample t o  render  t h e  var ious  phases 
misc ib le .  

absorp t ion  spectrophotometry (AAS). Approximately 65 elements  were semi-quant i ta t ive ly  
determined i n  each process  s t ream by SSMS ' survey '  ana lyses .  The feed  c o a l ,  char ,  
and f i l t e r e d  p a r t i c u l a r  m a t t e r  process  s t reams were low-temperature ashed,  mixed wi th  
high p u r i t y  g r a p h i t e ,  and formed i n t o  e l e c t r o d e s .  Unashed samples were a l s o  analyzed 
f o r  the de te rmina t ion  of v o l a t i l e  e lements .  Aqueous and wet-ashed samples were mixed 
wi th  g r a p h i t e  and g e n t l y  d r i e d  under a n  i n f r a r e d  lamp. Photopla te  d e t e c t i o n  was 
u t i l i z e d  wi th  computer a s s i s t e d  q u a n t i t a t i o n  by means of the  Hull equat ion  ( 4 ) .  
Figure 2 i l l u s t r a t e s  a t y p i c a l  SSMS ' survey '  a n a l y s i s  o f  the  feed c o a l  process  
stream. 
e s p e c i a l l y  v a l u a b l e  f o r  t h e  complete inorganic  c h a r a c t e r i z a t i o n  of t h e s e  process  
streams . 

a l s o  performed. 
a f t e r  a d d i t i o n  of enr iched  i so topes .  
Se, Cd, Pb, and T 1 )  were preconcentrated by means of e l e c t r o d e p o s i t i o n  onto high- 
p u r i t y  gold e l e c t r o d e s .  
Q u a n t i t a t i o n  was accomplished using t h e  i s o t o p e  d i l u t i o n  equat ion  of  Paulsen (8-10). 
Resul ts  of ID-SSMS measurements on  t h e  t h r e e  s o l i d  process  s t reams a r e  presented i n  
Table  2 .  Q u a d r u p l i c a t e  ana lyses  were made, w i t h  t h e  p r e c i s i o n  of such measurements 
ranging from 2-15% ( r e l a t i v e  s tandard d e v i a t i o n ) .  

and Cd) were a l s o  made. 
ashing and l i t h i u m  metaborate  fus ion  f o r  the  de te rmina t ion  of  Mn, N i ,  Cu, and C r  (11) .  
Digested sample s o l u t i o n s  were a s p i r a t e d  i n t o  t h e  atomic absorp t ion  spectrometer  
and q u a n t i t a t e d  by t h e  method o f  s tandard  a d d i t i o n s .  
by e x t r a c t i n g  t h e i r  i o d i d e  complexes i n t o  methyl i s o b u t y l  ketone (MIBK) p r i o r  t o  
a s p i r a t i o n  i n t o  t h e  spectrometer .  Arsenic  w a s  determined us ing  hydride evolu t ion  
AAS a f t e r  wet-ashing of t h e  samples. 
process  s t reams a r e  shown i n  Table 3.  
from 2-20% r . s . d .  

This  process  s t ream 

Due t o  t h e  immisc ib i l i ty  of these  phases ,  i t  was n o t  poss ib le  t o  

Samples were analyzed by spark-source mass spectrometrometry (SSMS) and atomic 

Such a n a l y s e s  a r e  genera l ly  a c c u r a t e  t o  w i t h i n  a f a c t o r  of t h r e e  and a r e  

I so tope  d i l u t i o n  spark-source mass spec t romet r ic  (ID-SSMS) de termina t ions  were 
Samples were s o l u b i l i z e d  by means of  P a r r  a c i d  d i g e s t i o n  bombs (5-7) 

Elements of high environmental i n t e r e s t  ( N i ,  Cu, 

These e l e c t r o d e s  were then sparked i n  t h e  spectrometer .  

Atomic a b s o r p t i o n  de termina t ions  of seven elements (Mn, N i ,  Cu, C r ,  As, Pb, 
Samples were s o l u b i l i z e d  by means o f  high temperature  

Pb and Cd were preconcentrated 

Resul t s  of  t h e  AAS de termina t ions  of the  s o l i d  
The p r e c i s i o n  of these  de te rmina t ions  ranged 

DISCUSSION 

A l l  process  s t reams were surveyed f o r  approximately 65 elements by convent ional  
SSMS analyses .  Such ana lyses ,  a l though semi-quant i ta t ive ,  provide q u i c k  mul t i -  
element ana lyses  t h a t  a r e  va luable  when the  inorganic  composi t ion o f  t h e  process  
streams a r e  unknown and/or  unsuspected.  
f o r  process  moni tor ing  a p p l i c a t i o n s ,  r e s u l t i n g  i n  a n  almost  complete inorganic  
c h a r a c t e r i z a t i o n  of  process  streams from such a conversion u n i t .  This  kind of 
c h a r a c t e r i z a t i o n  is e s p e c i a l l y  u s e f u l  i n  d e l i n e a t i n g  p o t e n t i a l  problems and poin t ing  
o u t  the need f o r  more a c c u r a t e  ana lyses  of  s p e c i f i c  e lements .  A s  a n  example of t h e  
kind of in format ion  t h a t  can be e x t r a c t e d  from such d a t a ,  a n  enrichment r a t i o  can 
be c a l c u l a t e d  f o r  v a r i o u s  elements based on t h e i r  concent ra t ions  i n  t h e  f i l t e r  
f i n e s  process  stream r e l a t i v e  t o  t h e i r  concent ra t ions  i n  t h e  feed coa l  ( a f t e r  
c o r r e c t i n g  f o r  t h e  varying a s h  conten ts  i n  t h e  two process  s t reams) .  Table  4 
presents  the  enrichment r a t i o s  f o r  a number of e lements .  An enrichment r a t i o  of 
u n i t y  i n d i c a t e s  no enrichment ,  while  r a t i o s  g r e a t e r  than  u n i t y  i n d i c a t e  enrichment 
i n  the f i l t e r  f i n e s  process  stream. I f  a n  enrichment r a t i o  of t h r e e  o r  g r e a t e r  i s  
assumed t o  be s i g n i f i c a n t  ( t o  take i n t o  account  the  u n c e r t a i n t y  l i m i t a t i o n s  of the 
technique) ,  then  elements  can  be c l a s s i f i e d  as e i t h e r  enr iched o r  not  enr iched .  
Table 4 shows t h a t  many elements  a r e  shown t o  be enr iched  t o  a g r e a t  degree.  
Presumably, such enrichment i s  due t o  a v o l a t i l i z a t i o n  o f  t h e s e  elements i n  t h e  

This  type  of a n a l y s i s  i s  e s p e c i a l l y  u s e f u l  
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high temperature  zone of t h e  r e a c t o r  and subsequent condensat ion of  these  v o l a t i l i z e d  
elements i n  t h e  c o o l e r  s e c t i o n s  of  t h e  g a s i f i c a t i o n  u n i t .  Although such a mechanism 
has been shown t o  be o p e r a t i v e  i n  high temperature c o a l  combustion (12-13), t h i s  may 
be t h e  f i r s t  work showing such a mechanism t o  be o p e r a t i v e  dur ing  c o a l  g a s i f i c a t i o n .  
Prel iminary SSMS ana lyses  of s ize-separa ted  f i l t e r  f i n e s  f r a c t i o n s  s u b s t a n t i a t e s  
t h i s  f ind ing .  

by ID-SSMS and AAS show t h e  g a s i f i e r  c h a r  t o  be t h e  major e lemental  ' s i n k '  for most 
e lements .  This  has  important  environmental r a m i f i c a t i o n s  i n  t h a t  t h i s  m a t e r i a l  may 
be u t i l i z e d  as  a combustion mater ia l  f o r  product ion o'f process  steam. The f a t e  of 
the  environmental ly  important  elements dur ing  t h i s  combustion w i l l  need t o  be 
determined. 
by-product u t i l i z a t i o n ,  s i g n i f i c a n t  s o l i d  waste  problems w i l l  a lmost  c e r t a i n l y  occur .  

Selenium, a s  determined by ID-SSMS, showed a d i s t r i b u t i o n  among t h e  process  
s t reams t h a t  was markedly d i f f e r e n t  from t h e  bulk of the  o t h e r  e lements  s t u d i e d .  
The major e lemental  s i n k  f o r  Se was t h e  condensate  water  process  s t ream. S i g n i f i c a n t  
q u a n t i t i e s  o f  t h i s  element were a l s o  found i n  t h e  condensate  t a r .  This  f i n d i n g  
can be r a t i o n a l i z e d  i n  terms of  the  high v o l a t i l i t y  of  t h i s  element. Arsenic ,  as 
determined by AAS, does not  e x h i b i t  such behavior ,  i n  c o n t r a s t  t o  what one might 
expect  f o r  t h i s  element. The major s i n k  f o r  t h i s  element i s  t h e  g a s i f i e r  char .  
This f a c t  seems t o  i n d i c a t e  t h a t  the  a r s e n i c  i s  present  i n  t h e  coa l  i n  a non- 
v o l a t i l e  form and t h a t  i t  i s  n o t  converted t o  a v o l a t i l e  form dur ing  the  g a s i f i c a t i o n  
process .  

Mass balances o f  elements across  a conversion u n i t  may be va luable  i n  p r e d i c t i n g  
the  r e l e a s e  r a t e s  of  c e r t a i n  elements t o  t h e  environment. Such balances can  be 
c a l c u l a t e d  knowing ithe concent ra t ion  of  t h e  element i n  each process  s t ream and t h e  
mass of  t h e  r e s p e c t i v e  process  stream. Mass balances of 100% a t  t h e  t r a c e  l e v e l  
a r e  g e n e r a l l y  exceedingly d i f f i c u l t  t o  o b t a i n  i n  such complex, open systems a s  a 
g a s i f i c a t i o n  r e a c t o r .  Resul t s  of  such mass balances a r e  shown i n  Table  5. T h e  
da ta  were c a l c u l a t e d  us ing  t h e  AAS and/or  t h e  ID-SSMS concent ra t ion  va lues  f o r  t h e  
elements i n  the  major process  s t reams.  The d a t a  i n d i c a t e  t h a t  t h e  bulk of m o s t  
elements (Cu, N i ,  Mn, Pb, Cr) a r e  being r e t a i n e d  w i t h i n  t h e  u n i t .  However, o t h e r  
elements cannot be f u l l y  recovered ( i . e . ,  Cd and Se) and c a r e f u l  cons idera t ions  of 
t h e  f a t e  of  these  elements must be  made i n  view of t h e i r  environmental and t o x i c -  
o l o g i c a l  hazards .  

Both t h e  SSMS survey r e s u l t s  and t h e  more accura te ,  p r e c i s e  r e s u l t s  ob ta ined  

On t h e  o t h e r  hand, i f  t h e  char  i s  disposed of  a s  an a l t e r n a t i v e  t o  i t s  
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Table  1, 

Descr ip t ion  o f  Sample S izes  Taken from SYNTHANE Process Development Unit  
f o r  Trace Element S tudies  

RunNumber 

Sample 293 294 295 

Feed Coal, kg 7.7 (1 l .O) l  5 .9  (8.0) 6 . 1  (8 .6)  
Feed Water, kg 4 .9  (5.4)  4 .2  (4.8) 4 .2  (4 .4)  

17.0 (100) 16.9 (100) 17.0 (100) G a s i f i e r  Char, kg 
14.6 (100) 15.5 (100) 15.2 (100) Condensate TarIWater, kg 

F i l t e r  F ines ,  kg 0.4 (100) 0 .4  (100) 0.5 (100) 
Product Gas, k l  ' 1 . 7  (1.5)  1 .7  (1.4) 1 . 6  (1 .4)  

'Data i n  parentheses  i n d i c a t e  t h e  percentage of t h e  process  s t ream t h a t  w a s  taken 
f o r  prepara t ion  and  a n a l y s i s .  

--- 

Condensate Water, kg 52.8 (100) 53.1 (100) 53.5 (100) 
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Table 2 - Element Concentrat ions (ppm, wt . )  i n  G a s i f i e r  Samples by ID-SSMS Analysis  

--- Run Number 

Sample -- Element 

Feed Coal N i  
cu 
Se 
Cd 
T1 
Pb 

G a s i f i e r  Char N i  
cu 
Se 
Cd 
T1 
Pb 

F i l t e r  Fines  N i  
cu 
S e  
Cd 
T1 
Pb 

293 

2.83 
7.50 
0.56 
0.12 
0.05 
5.14 

11.6 
25.5 

0 .14  
0.10 
0.11 

21.2 
10.3 

105 
0.65 
2.16 
0.09 

13.7 

2 94 

2.56 
7.52 
0.54 
0.12 
0.04 
4.80 
9.06 

0.21 
0.12 
0.12 

24.2 

1 7 . 1  
11.5 

150 
0.94 
2.88 
0.11 

13.5 

295 

2.39 
7.24 
0.54 
0.14 
0.04 
4.77 

11.6 
2 7 . 8  

0.19 
0.13 
0.15 

19.3 
10.0 

131 
0.74 
1.81  
0.10 

12.47 

Table 3 - Element Concentrat ions (ppm, wt . )  i n  G a s i f i e r  Process Streams by AAS Analysis  

Run Number - - ~  
Sam- E 1 emen t 293 294 295 - 

G a s i f i e r  Char 

F i l t e r  Fines  

Feed Coal C r  
Mn 
N i  
cu 
A s  
Cd 
Pb 
C C  
Mn 
N i  
cu 
A s  
Cd 
Pb 
C r  
Mn 
N. i  
cu 
A s  
Cd 
Pb 

7.1 

2.2 
10.2 

1 . 6  
0.07 
5.5 

32.4 

10 .8  
33 .O 

547 

2510 

6 . 3 .  
0.06 

19.6 
12.4 

10.0 

9 . 1  
1.86 

14.1 

519 

114 

6.6 

2.7 
9.7 
1 . 5  
0.07 
4 .6  

33.5 

8.5 
23.8 

6.0 
0.05 

18.2 
18.5 

12.5 

7.9 
2.25 

13.8 

512 

2350 

530 

154 

7.9 

2.4 
10.4 

2.0 
0.09 
5 .3  

30.3 

8.0 
27.0 

5.7 
0.05 

18.9 
20.7 

10.6 

11.0 

15.6 

646 

2430 

503 

142 

1.75 
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-- Table 4 - Enrichment Rat ios  (Er) f o r  Various Elements 

- Non-Enriched Elements I Enriched Elements 

Element 

N a  
M g  
A 1  
S i  
C a  
T i  
Z r  
Fe  
C r  
B e  
S r  
Ba  
Hf 
Gd 

Element -- 
CU (ID-SSMS) 
C r  (AAS) 
N i  (AAS) 
Se (ID-SSMS) 
Cd (AAS) 
Cd (ID-SSMS) 
Pb (ID-SSMS) 
Pb (AAS) 
A s  (AAS) 

Lr- 

2 .0  
2 . 7  
1.0 
1 . 2  
0 . 8  
1.1 
2.9 
0 . 8  
1 . 6  
2 . 4  
1 . 2  
1.1 
1 .5  
0 . 8  

Element 

K 
R b  
co 
N i  
Zn 
c u  
G a  
G e  
A s  
B r  
Sn 
Sb 
I 
Mo 
Pb 
Cd 

Lr- 
3 . 1  
6.5 
4.1 
3.0 
7 . 0  
5.3 
4 .7  

11.0  
6 .2  

11.0 
3.3 
5.7 

14.0 
7.3  
3.8  
6.5 

Table 5 - Elemental Mass Balances 

M a s s x a n c e .  % 

- 293 - 294 - 295 

103 
112 
122 
45 
36 
36 

102 
88 
99 

92 
118 

75 
4 4  
35 
46 
84 
92 
95 

110 
96 
85 
46  
27 
33 

10 1 
89 
7 4  
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